Laminins (comprised of ␣, ␤, and ␥ chains) are heterotrimeric glycoproteins integral to all basement membranes. The function of the laminin ␣5 chain in the developing intestine was defined by analysing laminin ␣5 Ϫ/Ϫ mutants and by grafting experiments. We show that laminin ␣5 plays a major role in smooth muscle organisation and differentiation, as excessive folding of intestinal loops and delay in the expression of specific markers are observed in laminin ␣5 Ϫ/Ϫ mice. In the subepithelial basement membrane, loss of ␣5 expression was paralleled by ectopic or accelerated deposition of laminin ␣2 and ␣4 chains; this may explain why no obvious defects were observed in the villous form and enterocytic differentiation. This compensation process is attributable to mesenchyme-derived molecules as assessed by chick/mouse ␣5 Ϫ/Ϫ grafted associations. Lack of the laminin ␣5 chain was accompanied by a decrease in epithelial ␣3␤1 integrin receptor expression adjacent to the epithelial basement membrane and of Lutheran blood group glycoprotein in the smooth muscle cells, indicating that these receptors are likely mediating interactions with laminin ␣5-containing molecules. Taken together, the data indicate that the laminin ␣5 chain is essential for normal development of the intestinal smooth muscle and point to possible mesenchyme-derived compensation to promote normal intestinal morphogenesis when laminin ␣5 is absent.
Introduction
Intestinal morphogenesis, proximodistal regionalisation, and maintenance of the steady state between cell proliferation and differentiation result from tightly controlled heterologous cell interactions. The intestine develops from the embryonic primitive gut tube composed of endoderm and mesenchyme. The pluristratified endoderm will give rise progressively to a simple epithelium composed of enterocytes (which constitute the majority of the epithelial population), goblet, endocrine, and Paneth cells. The differentiation of the mesenchyme is more complex and gives rise to distinct concentric layers: the lamina propria, the muscularis mucosae, the submucosa, and the smooth muscle layers. Only few studies have addressed the mechanisms that underlie this topographical organisation of the gut and the factors that regulate the mesenchymal outcome. Apart from transcription factors that are critical to the formation of the intestine or to determination of the cell lineages (for reviews, see Kedinger et al., 2000; Roberts, 2000; Brittan and Wright, 2002) , experimental studies such as recombination experiments indicate that the mesenchymal layer has an inductive effect on epithelial cell differentiation and that reciprocal effects also take place (for reviews, see Yasugi, 1993; Kedinger et al., 1996) . Evidence that the basement membrane, a highly specialised extracellular matrix, can influence specific gene transcription is provided by several studies in the intestine (Simon-Assmann et al., 1995 , 2003 Vachon and Beaulieu, 1995; Lorentz et al., 1997) , mammary gland (Streuli et al., 1995; Srebrow et al., 1998) , and endothelial cells (Boudreau et al., 1997) .
In the intestine, basement membranes, composed of laminins, type IV collagen, nidogen, and perlecan, are found in two main locations: first, the subepithelial basement membrane, which is located from the earliest phases of development at the endoderm/mesenchyme interface and subsequently underlies the differentiated epithelium of the adult organ. This structure has been shown to be synthesised and secreted by both epithelial and mesenchymal cells, in a stage-and cell type-specific pattern through reciprocal cell interactions (for review, see Simon-Assmann et al., 1998) . The second location is the smooth muscle basement membrane, which surrounds individual cells organised into an inner circular and an outer longitudinal muscle layer. The laminins, major components of the basement membrane, are thought to be important for organ development. All laminin molecules are heterotrimers, with each isoform containing a unique combination of ␣, ␤, and ␥ chains. So far, 11 genetically distinct laminin chains, ␣1-␣5, ␤1-␤3, ␥1-␥3, have been described. Yet, only 13 laminin isoforms with tissue-specific distribution have been convincingly demonstrated (Tunggal et al., 2000) . Laminins are functionally involved in cell adhesive interactions and show signaltransducing activities leading to induction of cell differentiation and cell migration (Colognato and Yurchenco, 2000) . In the mouse intestinal subepithelial basement membrane, at least 3 laminin isoforms have been detected: laminin-1 (␣1␤1␥1), laminin-2 (␣2␤1␥1), and laminin-10 (␣5␤1␥1) (Simo et al., 1991; Lefebvre et al., 1999; Sasaki et al., 2002a) . Expression of laminin chains in the intestinal mesenchyme-derived musculature has been less intensively studied (Glukhova et al., 1993; Simon-Assmann et al., 1995) .
The widespread distribution of the laminin ␣5 chain during development and in adult tissues suggests that it is a major laminin ␣ chain in epithelial basement membrane (Miner et al., 1995; Sorokin et al., 1997a; Ekblom et al., 1998) . The laminin ␣5 chain associates with the ␥1 chain and either ␤1 or ␤2 chains to form laminin-10 and laminin-11, respectively (Miner et al., 1997) . More recently, two novel laminin heterotrimers, one composed of ␣5, ␤2, and ␥3 (laminin-15) and the other by ␣5, ␤2, and ␥2 chains, were found to be expressed in the retinal matrix (Libby et al., 2000) and in bone marrow stromal cells (Siler et al., 2002) , respectively. Among the laminin ␣ chains, ␣5 shows the broadest distribution in the intestine being present in the subepithelial basement membrane throughout development, around smooth muscle cells with an increasing intensity paralleling their differentiation, and in basement membranes of large blood vessels (Lefebvre et al., 1999) . Multiple defects were observed in the Lam ␣5 Ϫ/Ϫ homozygotes, including failure of anterior neural tube closure and digit septation and dysmorphogenesis of the placental labyrinth (Miner et al., 1998) . However, no detailed analysis of the intestine was carried out.
It is currently unclear whether developmental changes in basement membrane organisation are causative or simply reflective of morphogenetic remodelling. Although null mice in which individual basement membrane molecules were deleted have been generated, revealing the importance of some laminin chains in defined organs, there are very few indications of any influence of these molecules on gastrointestinal morphogenesis. In the present paper, we describe morphological and biochemical alterations in the smooth muscle coat in intestines of embryonic laminin ␣5 Ϫ/Ϫ mice. No defects in villous morphology were found, apparently due to compensatory mechanisms which can be attributed to mesenchymal cells.
Materials and methods

Animals
Laminin ␣5-deficient mice were generated by Miner et al. (1998) and were bred on the C57BL/6J genetic background. Mice were genotyped by PCR as described (Miner et al., 1998) . No homozygotes lived past embryonic day 17. Foetuses were removed by caesarean section at various stages between the 12th and 16th day of gestation, with the day on which a vaginal plug was found considered day 0. Segments of small intestines were immediately processed.
For grafting experiments, male Swiss athymic nude (nu/ nu) mice (Iffa Credo, Les Oncins, France) were used and housed in laminar airflow cabinets under pathogen-free conditions.
White Leghorn chick embryos were used for grafting experiments. The chicken eggs were incubated at 38 Ϯ 1°C, and the developmental stages were referred to as days of incubation.
All experiments were performed in accordance with institutional guidelines for animal care.
Primary antibodies
Primary antibodies to basement membrane molecules used in immunofluorescence studies on cryosections are listed in Table 1 .
For detection of integrin subunits, the following antibodies were used: rat mAb 1997 against mouse integrin ␤1 (Chemicon International, Temecula, CA), rat mAb 346-11A against mouse integrin ␤4 (kindly provided by Dr Kennel, Oak Ridge, TN), rat mAb GoH3 against integrin ␣6 (Immunotech, Marseille, France), and rabbit polyclonal antibody 8-4 against integrin ␣3 subunit (generous gift from Dr. DiPersio, Albany Medical College, NY; DiPersio et al., 1995) . Localisation of Lutheran was performed by using a rabbit polyclonal antibody (Kikkawa et al., 2002) .
To follow differentiation of epithelial cells, affinity-purified polyclonal anti-villin antibodies (generous gift of Dr. Robine, Institut Curie, Paris; Robine et al., 1985) were used. To study differentiation of muscle cells, polyclonal smooth muscle desmin antibodies (kindly provided by Prof. Gabbi-ani; Université de Genève, Switzerland; Benzonana et al., 1988) , monoclonal anti-desmin (clone DE-R-11, Dako, DK), and monoclonal anti-␣ smooth muscle actin (Sigma, St. Louis, MO) were used.
Other antibodies included mouse monoclonal anti-␤ tubulin isotype III (clone SDL.3D10; Sigma), mouse monoclonal NCL-KI67-MM1 antibody (Novocastra Laboratories Ltd., UK), rabbit anti-chromogranin A (DiaSorin, MN, USA), and rabbit polyclonal anti-GAPDH (Launay et al., 1989) .
Recombinants and grafting procedures
Associations between mouse and chick intestinal tissue components were performed by using a previously described experimental procedure (Kedinger et al., 1981 ) (see Fig. 5 ). Briefly, 5-day chick embryonic and 13-day foetal mouse intestinal anlagen from laminin ␣5 mutants were isolated. Mesenchyme was separated from the endoderm after incubation of the intestinal segments in a 0.03% solution of collagenase (1 h at 37°C). Two types of interspecies recombinations of the isolated endodermal and mesenchymal components were prepared: mouse laminin ␣5 Ϫ/Ϫ mesenchyme with chick endoderm (M␣5-m/Ce), and chick mesenchyme with mouse laminin ␣5 Ϫ/Ϫ endoderm (Cm/ M␣5-e). After overnight culture on agar-solidified medium to ensure their cohesion, the hybrid intestines were grafted into the coelomic cavity of 3-day chick embryos. The hybrid intestines were harvested at day 7 after grafting.
Intestines from wild-type, heterozygote, and mutant 12-14 embryonic day animals from the same litter were cut into 2-to 3-mm pieces. They were then grafted (6 fragments/animal) under the skin of nude mice. Briefly, a small incision was made on the back of the recipient and one intestinal segment was placed into the subcutaneous tissue and covered with skin. The grafts were taken 1 month after implantation and processed for subsequent analysis.
Morphological analysis and immunofluorescence/immunohistochemistry studies
For conventional histology, samples were fixed in Bouin's solution overnight and processed for 10-m paraffin wax sections. Sections were stained with Hematoxylin/ Eosin, or with Periodic-Acid Schiff to visualise goblet cells using standard histology techniques.
For transmission electron microscopy, specimens were fixed for 2 h at 4°C in 0.2 M cacodylate-buffered 2% glutaraldehyde, pH 7.4, postfixed in cacodylate-buffered 1% osmium tetroxide, pH 7.4, for 30 min at 4°C, dehydrated, and embedded in araldite. Semithin 0.5-m sections were stained with toluidine blue for histological observations. Ultrathin sections were stained with uranyl acetate and lead citrate before ultrastructural observation by using an electron microscope (CM-10; Philips Electronic Instruments, Mahwah, NJ).
For indirect immunofluorescence staining, intestines were embedded in Tissue-Tek (Sakura, Labonord), frozen in isopentane cooled in liquid nitrogen, and stored at Ϫ80°C until used. Transverse sections (6 m thick), cut at -19°C, were placed onto superfrost/plus slides (Kindler GmBH, Freiburg, Germany). Incubations with antibodies were carried out for 2-3 h at room temperature in a moist chamber. Bound antibodies were visualised by using anti-rat (1:50; Jackson Laboratory), anti-mouse (1:250; Institut Pasteur), or anti-rabbit (1:50; Nordic) secondary antibody conjugated with fluorescein isothiocyanate. After mounting in a glycerol/PBS/phenylenediamine solution, the slides were examined by using an epifluorescence microscope (AX 60; Olympus Optical Co., Hamburg, Germany). Control sec- When mouse monoclonal antibodies were used, immunoperoxidase staining was performed on cryosections by using the HistoMouse-SP kit following the manufacturer's instructions (Zymed Laboratories, Inc., CA, USA). Sections were lightly counterstained with hematoxylin. Detection of chromogranin was performed on prefixed (4% paraformaldehyde, 2 h) and deparaffined sections. Antigen-antibody complexes were detected by using the Vectastain ABC Kit (Vector).
Western blot analysis
Intestines from wild-type and ␣5 Ϫ/Ϫ E14, E15, and E16 animals were homogenised with a Dounce homogeniser in a 10 mM Tris-HCl, pH 7.4/0.9% NaCl solution and subsequently sonicated. After centrifugation at 13,000g for 15 min, the supernatant was collected. Proteins (10 -15 g) were incubated in Laemmli buffer containing 2% SDS (w/v) and 100 mM DTT at 100°C for 5 min. The proteins were then separated by SDS-PAGE analysis (10% gels) and subjected to Western blotting by using monoclonal antibodies to ␣ smooth muscle actin as well as polyclonal antibodies to GAPDH as an internal control. After incubation with goat anti-mouse or anti-rabbit alkaline phosphatase-linked secondary antibodies, the blots were developed by using the ECF (enhanced chemifluorescence) substrate (ECF Western Blotting Kit; Amersham Life Science Ltd., England). Quantification was determined by using a fluorescent scanning instrument (Molecular Imager Fx; BioRad, CA, USA). The MagicMark Western Standard (Invitrogen, Cergy Pointoise, France) was used as molecular weight marker.
Results
Excessive folding of intestinal loops is observed in laminin ␣5
Ϫ/Ϫ mutant mice
As the laminin ␣5 Ϫ/Ϫ mice do not survive past E17 (Miner et al., 1998) , intestines were analysed between E14 and E16. At these stages, laminin ␣5 chain was already present in control intestines at the endodermal/mesenchymal junction and in the serosal layer (Fig. 1A) . While the size of the E16 mutant embryos was about 80% of wildtype littermates, the small intestine was proportionally more reduced in length (twofold) (Fig. 1B ). Yet, the diameter of the intestine was only slightly affected ( Fig. 1B and C) . In about half of the cases, fusion of the muscular layers with absence of mesentery and/or the serosal layer was observed ( Fig. 1C -E, arrows). These gross intestinal deformities were mainly detected at the latest stage studied (E16), primarily in the proximal but occasionally also in the most distal regions of the intestine. In the nonfused areas, peripheral mesenchymal cells did not elongate and remained rounded (Fig. 1K vs J) . No differences were observed between heterozygous (␣5 ϩ/Ϫ ) and wild-type (␣5 ϩ/ϩ ) intestines in their overall development, histology, or growth characteristics.
Between E14 and E16 in wild-type intestines, the villi develop and concomitantly the pseudostratified epithelium converts to a simple monolayer ( Fig. 1F and H) . In mutant mice, formation of villi occurred, although they appeared fewer in number, and the epithelium looked normal morphologically (Figs. 1G and I and 2). The gross morphology of the enterocytes was not modified in the laminin ␣5 Ϫ/Ϫ intestines. This was confirmed by ultrastructural observations showing identical brush border organisation at their apical surface ( Fig. 2A and D) . To analyse whether the differentiation of enterocytes could nevertheless have been affected by the lack of the laminin ␣5 chain, we checked by immunofluorescence for the presence of villin, a cytoskeletal protein found in the apical brush border membrane. Its expression pattern in laminin ␣5 Ϫ/Ϫ E14 and E16 intestines ( Fig. 2E ) was similar to that observed in controls (Fig. 2B) . We determined the number of mucous-producing goblet cells (only apparent in the late E16 foetal stage) by staining with Schiff's reagent. The E16 laminin ␣5 Ϫ/Ϫ mouse intestines showed a significant decrease in the number of goblet cells compared with wild-type intestines: mean of 17 goblet cells per 10 cross-sectioned villi in control intestines as compared with two cells in laminin ␣5 Ϫ/Ϫ intestines ( Fig.  2C and F ). Endocrine cells (chromogranin A staining) and Paneth cells were not detected either in control or in the laminin ␣5 Ϫ/Ϫ intestines, as expected at E16 (not illustrated). A possible effect on epithelial cell proliferation due to the lack of laminin ␣5 was assayed by determining the number of KI67-positive cells per villous axis. No significant differences were observed between control and mutant intestines (not illustrated). This is consistent with the absence of obvious alterations in the villous organisation in the laminin ␣5 Ϫ/Ϫ mice.
Laminin ␣5 Ϫ/Ϫ mutants display smooth muscle defects
During intestinal morphogenesis, a subset of mesenchymal cells differentiate first into the inner (circular) smooth muscle cell layer and later into the outer (longitudinal) cell layer (Kedinger et al., 1990; McHugh, 1996) . A first sign of this differentiation is the progressive elongation and alignment of a subset of mesenchymal cells in the peripheral region of the mesenchyme (Fig. 1J ).
As shown above ( Fig. 1J and K) , aberrant structural features were obvious in the mesenchymal layers when laminin ␣5 was absent. Transmission electron microscopic analysis confirmed these observations and further showed that contact between the serosal layer and the mesenchymal cells was loosened in laminin ␣5 Ϫ/Ϫ intestines (not illustrated). Cytodifferentiation of the smooth muscle cells was determined by immunocytochemistry and immunoblot us-ing smooth muscle-specific antibodies. The absence of laminin ␣5 affected the differentiation process at the developmental stages analysed. At the earliest stage studied, E14, a faint expression of desmin and actin was found in wildtype intestines in a circular zone of two to three cell layers in the mesenchyme that correspond to the presumptive inner muscular layer (Fig. 3A and B) . Decrease in the staining was observed in the E14 mutants ( Fig. 3C and D) ; observation was confirmed by immunoblot experiments (Fig. 3) . In the E16 intestine, when smooth muscle cells become more differentiated, there was significantly less smooth muscle marker expression in the mutant compared with the control, as visualised by desmin staining (Fig. 3G vs E) . The enteric nervous system which comprises the plexuses is located in the muscle coat and in the submucosa. The defect in muscle differentiation does not seem to affect the plexuses as immunostaining of neural-specific ␤-tubulin was similar between control and mutant intestines (not illustrated). Finally, a decreased rate of cell proliferation, as assessed by KI67 staining, was obvious in the mesenchymal cell compartment in mutant intestines ( Fig.  3H vs F) .
Laminin ␣5 deficiency leads to misexpression of other laminin chains
To determine whether the absence of laminin ␣5 (Fig.  4E and N) affected the expression and deposition of other Ϫ/Ϫ intestines by using smooth muscle actin antibodies; GAPDH antibodies were applied on the same gel as internal control. Staining with the KI67 antibody on E16 laminin ␣5 Ϫ/Ϫ (H) and control (F) intestines shows that the number of proliferating mesenchymal cells (arrowheads in F) is decreased in mutant, but no differences were observed in epithelium; e, epithelium; pml, presumptive muscular layer. Scale bars: 20 m. matrix molecules in the subepithelial and muscle basement membranes, we performed immunostaining on intestinal sections at two embryonic stages, E14 and E16.
Distribution of nidogen, perlecan, and type IV collagen as well as of various laminin ␣, ␤, and ␥ chains was examined. Nidogen, perlecan, and type IV collagen were present in all basement membranes of wild-type, heterozygous, and laminin ␣5 Ϫ/Ϫ intestines with comparable staining, locations, and intensities (not illustrated). Data for the individual laminin chains are summarised in Table  2 .
As far as the subepithelial basement membrane is concerned, two major findings emerged from this study. First, there was an accelerated or ectopic deposition of laminin ␣2 (Fig. 4F vs B ) and laminin ␣4 (Fig. 4G vs C, and 4Q vs L) chains, respectively, in the laminin ␣5 Ϫ/Ϫ intestines (each chain being tested by two different antibodies); this phenomenon (already noted at E12) was more obvious at E14 as compared with E16. Second, at E16, the most striking feature was the reduction of the laminin ␤2 (Fig. 4O vs J) and laminin ␥2 (Fig. 4P vs K) chains. The other laminin chains studied (␣1, ␤1, ␥1) were unaltered at either stage (illustrated for ␣1 and ␤1; Fig. 4D and H, M and R). At the ultrastructural level, a discernible basement membrane was observed underlying the epithelial cells in both control and mutant intestines; yet its appearance was irregular in the laminin ␣5 Ϫ/Ϫ mutants ( Fig. 4S and T) .
As far as muscle cell layers are concerned, it should be noted that, at E14, expression of laminin chains at the periphery of the mesenchyme corresponding to the presumptive muscle cell coat was either absent or faint in wild-type intestines as well as in the laminin ␣5 Ϫ/Ϫ mutants ( Fig. 4A-H) . In the E16 wildtype intestine (Table 2) , most of the individual laminin chains were found expressed at the periphery of cells, in the newly formed muscular layers (Fig. 4I-M) . Interestingly, a loss or decrease in the staining intensity for laminin ␤2 (Fig. 4O vs J) , ␥1 (not illustrated), and ␥2 (Fig. 4P vs K) chains was obvious in the laminin ␣5 mutant intestines, while expression patterns of the other laminin chains studied were not altered as illustrated for ␣4 and ␤1 (Fig. 4L, M, Q, R) .
Laminin ␣2 and ␣4 compensation at the subepithelial basement membrane is attributable to mesenchymederived molecules
To determine the cellular (epithelial or mesenchymal) origin of the compensation observed for laminin ␣2 and ␣4 chains at the level of the subepithelial basement membrane, we performed associations using anlagen taken from embryonic chick intestines and foetal mouse mutant ␣5 Ϫ/Ϫ intestines (Fig. 5) . The recombinants, grafted in the coelomic cavity of chick embryos (for 7 days), developed into intestinal structures with small villi (exemplified in Fig. 5A for a M␣5-m/Ce hybrid intestine). Application of a polyclonal antibody against laminin (recognising ␣1, ␤1, and ␥1 chains of laminins from both species) on hybrid intestines confirmed the reformation of a basement membrane (Fig.  5B) . The cellular origins of the laminin ␣2 and ␣4 chains were then determined by the use of antibodies specifically recognising mouse antigens on both types of hybrid intestines. In M␣5-m/Ce recombinants, the anti-mouse laminin ␣2 (Fig. 5C ) and ␣4 (Fig. 5D ) antibodies stained the subepithelial basement membrane, as well as the mouse derived-mesenchyme. In the inverse Cm/M␣5-e recombinants, no staining could be observed (Fig. 5E and F) showing the lack of deposition of laminin ␣2 and ␣4 chains by the mouse endoderm. These data show that the laminin ␣2 and ␣4 compensation occurring in the mutant ␣5 Ϫ/Ϫ intestines can be attributed to mesenchyme-derived molecules.
The ␣3␤1 integrin and the Lutheran receptor are affected in laminin ␣5
Ϫ/Ϫ mice Several integrin receptors have been shown to interact with laminin ␣5-containing molecules, such as laminin-10. Although preferential interactions seem to be cell typespecific, at least four integrin receptors are involved in Table 2 Summary of the expression pattern of individual laminin chains at the subepithelial (E14 -E16) and smooth muscle (E16) intestinal basement membranes in control animals and laminin . Model of hybrid intestines allowing determination of the cellular origin of the laminin ␣2 and ␣4 compensation. Two types of intestinal associations were grafted into the coelomic cavity of 3-day chick embryos and recovered after 7 days: mouse laminin ␣5 Ϫ/Ϫ mesenchyme/chick endoderm (M␣5-m/Ce) and chick mesenchyme/mouse laminin ␣5 Ϫ/Ϫ endoderm (Cm/Me␣5-e) recombinants. Histology (hematoxylin/eosin) confirms the development of small intestinal segments (A). Use of a rabbit polyclonal antibody that recognises ␣1, ␤1, ␥1 chains of laminins from both species confirmed the presence of a subepithelial basement membrane in developed intestinal hybrids (B). The application of antibodies recognising specifically mouse laminin ␣2 (polyclonal 341 antibody; C) and ␣4 (rat monoclonal 341 antibody; D) antigens on M␣5-m/Ce (C, D) allows the visualisation of both molecules at the epithelial/ mesenchymal interface. On the inverse associations (Cm/M␣5-e), no immunoreactivity could be visualised with these antibodies (laminin ␣2, E; laminin ␣4, F). e, epithelium; m, mesenchyme; arrows point to the subepithelial basement membrane region. Scale bars: 50 m (A) and 100 m (B-F). Fig. 6 . Immunodetection of integrin subunits in intestines from E14 wild-type (A, B) or mutant laminin ␣5 Ϫ/Ϫ (D, E) animals, and of the Lutheran receptor in E16 wild-type (C) or mutant laminin ␣5 Ϫ/Ϫ (F) animals, as indicated. Basal staining of the ␣3 subunit was reduced concomitant to the lack of laminin ␣5 chain (arrows in D vs A). This was also the case for the ␤1 integrin subunit, although the decrease was less obvious (E vs B). Note the strong decrease of Lutheran in the mutant muscle cells (F vs C). e, epithelium; lp, lamina propria; pml, presumptive muscular layer; arrows point to the subepithelial basement membrane region. Scale bars: 100 m.
of Lutheran was determined in wild-type and ␣5 Ϫ/Ϫ mutant intestines (Fig. 6) .
Among the ␣ integrin subunits analysed, only the ␣3 presented a difference between laminin ␣5 Ϫ/Ϫ and wildtype intestines. A decreased staining for integrin ␣3 was noted at the basal pole of epithelial cells subjacent to the subepithelial basement membrane in laminin ␣5 Ϫ/Ϫ mutant intestines. This difference in staining intensity, visible at E14 (Fig. 6D vs A) , was less obvious at E16 (not shown). No changes in ␣3 integrin expression were found in the muscle cell compartment or at sites of epithelial cell-cell contacts. In the E14 intestine, the ␤1 subunit (Fig. 6B ) appeared predominantly localised in the mesenchymal compartment, where it is segregated in two distinct regions: over four to five mesenchymal cells located just beneath the epithelial cells (future lamina propria), and in the inner presumptive muscle layer; it was also located to a lesser extent at the basolateral membrane of epithelial cells. In the ␣5 Ϫ/Ϫ mutant intestines, there was a slight decrease in staining intensity of this integrin subunit, mostly at the subepithelial basement membrane region, and in the mesenchyme in the vicinity of the epithelium at E14 (Fig. 6E vs B) . Expression of the ␣6 and ␤4 integrin subunits in E14 and E16 mutant intestines was similar to that in the corresponding controls (not shown).
Immunodetection of the Lutheran receptor was performed on the E16 intestines and revealed distinct staining around smooth muscle cells as well as some faint reaction at the basal pole of epithelial cells facing the subepithelial basement membrane (Fig. 6C ). In the laminin ␣5 Ϫ/Ϫ intestines, there was a striking decrease in staining of Lutheran, especially in the muscle region (Fig. 6F) .
Grafting experiments allow observation of ␣5
Ϫ/Ϫ intestinal morphogenesis
To examine whether epithelial and muscle differentiation as well as villus morphogenesis can be achieved at later stages of development in the absence of laminin ␣5, E12-E14 intestinal fragments were implanted into the subcutaneous space of adult nude mice and allowed to develop for 1 month. This strategy bypassed the embryonic lethality, permitting further development of the ␣5 Ϫ/Ϫ intestines. The embryonic intestines developed into spherical vascularised structures that often contained mucus secretion or extruded epithelial cells. There was no striking difference in the gross morphology between the wild-type (Fig. 7A ) and ␣5 Ϫ/Ϫ Fig. 7 . Development of the intestines of laminin ␣5 Ϫ/Ϫ mutants after subcutaneous implantation in nude mice. Sections of E14-grafted control (A) and laminin ␣5-deficient (H) intestines harvested after 4 weeks showed a similar overall gross morphology. Cryosections of the recovered implants (controls: B-G; ␣5 Ϫ/Ϫ mutants: I-N) labelled for laminin ␣5 (B, I), ␣1 (C, J), ␣2 (D, K), ␣4 (E, F, L, M) chains and for desmin (G, N) . Note that concomitant to the lack of laminin ␣5 chain in the developed implants (I vs B), there are some modifications in the staining pattern of basement membrane laminins ␣1, ␣2, and ␣4 at the subepithelial region (J-L vs C-E) and at the muscle coat for laminin ␣4 (M vs F). e, epithelium; lp, lamina propria; ml, muscular layer; arrows point to the subepithelial basement membrane region. Scale bars: 50 m.
( Fig. 7H) intestinal implants. Indeed, both were composed of villous structures lined by a single epithelium with no noticeable variation in the number of mucous cells, a submucosa, and a well-defined muscular coat. These structures were very similar to those of intestinal tissues developed in situ. To assess possible laminin isoform switching patterns, staining for the major laminin ␣ chains was performed in parallel on cryosections (Fig. 7) . The absence of laminin ␣5 at the subepithelial basement membrane in the developed implants (Fig. 7I vs B) was accompanied by (1) an increase in intensity of laminin ␣1 chain staining (Fig. 7J vs C) , (2) an expansion of laminin ␣2 chain staining (normally restricted to the crypt basement membrane) that extended to the middle of the villi (Fig. 7K vs D) , and (3) an ectopic deposition of the laminin ␣4 chain mostly visible at the base of the villous structures (Fig. 7L vs E) . No major differences between wildtype and laminin ␣5 null intestines were noted in the expression of the laminin ␣1 and ␣2 chains in basement membrane surrounding muscle cells (not illustrated). For laminin ␣4, a more distinct staining marked the individual smooth muscle cells in the laminin ␣5-deficient implants ( Fig. 7M vs F) . Smooth muscle cell differentiation, assessed by immunostaining of desmin, was similar between grafted mutant and grafted control intestines (Fig. 7N  vs G) , paralleling the morphological observations.
Discussion
Previously described expression patterns of laminin ␣5 predicted that it might have an important role in intestinal development and differentiation. However, due to early lethality of laminin ␣5 null mice, intestinal development was not studied in detail. Here, we examined intestinal development in laminin ␣5 Ϫ/Ϫ mice between E14 and E16 and at later developmental stages through foetal intestinal grafts. The embryonic period examined is of keen interest as it corresponds to (1) progressive formation of a single epithelium accompanied by the outgrowth of villi and (2) differentiation of smooth muscle cells from undifferentiated mesenchymal cells. These events have been shown to be dependent on extracellular matrix-mediated heterotypic cell interactions. Our results indicate that laminin ␣5 has a crucial role in the process of embryonic intestinal folding and in the development of the normal musculature. However, no major effects on the epithelial compartment, except a decrease in number of goblet cells, were observed in laminin ␣5-deficient intestines, probably because of compensatory mesenchymal contribution of the laminin ␣2 and ␣4 chains to the subepithelial basement membrane.
The expression of laminins in the small intestine has received major attention, as they are both temporally (during morphogenesis) and spatially (along the crypt-villus axis in the adult) regulated. Among the laminin ␣ chains studied to date, laminin ␣5 shows the broadest distribution in the intestine. At early phases of development, a deposition of laminin ␣5 is already apparent in the undifferentiated intestine at the endodermal/mesenchymal interface. In the adult, an increasing gradient of intensity is evident at the subepithelial basement membrane from the base to the tip of villi (Lefebvre et al., 1999) . As the laminin ␤2 chain is restricted to the adult crypts (present data, and Sasaki et al., 2002b) , one can conclude that laminin-10 (␣5␤1␥1) is the only ␣5-containing molecule found in the subepithelial intestinal basement membrane. Of interest is the reciprocal expression of laminin-10 found along the villus, and laminin-1 (␣1␤1␥1) or -2 (␣2␤1␥1), both confined to the crypt region in rodent (Simo et al., 1991; Simon-Assmann et al., 1994; Lefebvre et al., 1999; Sasaki et al., 2002a) .
Compensatory mechanism in the subepithelial basement membrane
We observed that normal intestinal villus outgrowth and epithelial cell differentiation occurred in mutant mice lacking laminin ␣5 at early stages of intestinal development, as well as at later stages in laminin ␣5
Ϫ/Ϫ -grafted intestines. The explanation for a lack of visible phenotype as far as epithelial cells are concerned may be linked to compensatory mechanisms. Indeed, we found that laminin ␣2 and ␣4 chains, which are not present at early stages of development in the intestinal subepithelial basement membrane in wildtype mice, compensate for ␣5 deficiency, as they were deposited precociously/ectopically in the mutant intestines. Immunocytochemical labelling of laminin chains in associations of embryonic intestinal anlagen from laminin ␣5 mutant mice and from chick demonstrated that the mesenchyme is solely responsible for this compensation. A compensatory process also occurs in more advanced developmental stages, assessed here by the grafting experiments, which allowed us to circumvent the embryonic lethality and to analyse further development of the mutant intestines. At these stages, staining of laminin ␣1-the expression of which gradually decreases as development proceeds in normal intestine (Simo et al., 1991) -was found to be intensified in the mutants additionally to ␣2 and ␣4 chains. Such compensatory phenomena, whereby removal of one molecule from a site results in the ectopic accumulation of other molecules, have also been described in laminin ␣5 Ϫ/Ϫ ectoderm, where laminin ␣1, ␣2, and ␣4 chains are upregulated (Miner et al., 1998) , and in ␣5 Ϫ/Ϫ lung, where branching morphogenesis was associated with ectopic deposition of laminin ␣4 in airway basement membrane (Nguyen et al., 2002) . Here, we discern for the first time the cellular origin of such a compensatory mechanism.
It should be emphasised that, despite the switch in laminin ␣ chain deposition occurring in ␣5 Ϫ/Ϫ mutant intestine, a rather well-formed basement membrane structure was visible, as shown by ultrastructural analysis of the subepithelial region. This could be linked to the fact that, in the mutant intestines, synthesis and deposition of laminin ␣1 chain by epithelial cells (Simo et al., 1992) is not modified. Therefore, laminin-1 molecules can polymerise, thus contributing to the formation of the basement membrane. Laminin ␣5 chain is produced by both epithelial and mesenchymal cells during normal development (Lefebvre et al., 1999) . In the present study, we could show that the lack of laminin ␣5 in mesenchymal cells has a pronounced effect, as it will force them to secrete prematurely the laminin ␣2 and ␣4 chains. An inverse situation occurs in the inflamed tissues of patients with Crohn's disease, in which a loss of mesenchymally derived laminin ␣2 chain expression in crypts was paralleled by a significant upregulation of the ␣5 chain (Bouatrouss et al., 2000) . Altogether, these data point to the crucial role of the mesenchyme with the coordinated activity of epithelial cells for basement membrane assembly, further controlling growth and differentiation in the intestine.
Integrins and Lutheran, receptors of the laminin ␣5 chain
Several integrins have been implicated as receptors for laminin-10/laminin-11, including ␣2␤1, ␣3␤1, ␣6␤1, and ␣6␤4 (Kikkawa et al., 1998 (Kikkawa et al., , 2000 Gu et al., 1999; Tani et al., 1999; Pouliot et al., 2000; Nielsen and Yamada, 2001; Spessotto et al., 2001; Doi et al., 2002) . In our experiments, lack of the laminin ␣5 chain is accompanied by a decrease in the ␣3 integrin subunit at the base of the endodermal cells facing the epithelial basement membrane and to a lesser extent of the ␤1 integrin subunit. The fact that neither ␣6 nor ␤4 integrin subunits are modified in absence of laminin ␣5 chain led us to conclude that the ␣3␤1 integrin is the major receptor mediating interaction of laminin ␣5 containing molecules of the subepithelial basement membrane. This observation correlates well with the colocalisation of laminin ␣5 chain (Lefebvre et al., 1999) and of ␣3␤1 integrin in the adult intestine (Beaulieu, 1992) . Interestingly, mice lacking both integrin ␣3 and ␣6 subunits were found to exhibit developmental defects similar to those observed in mice lacking the laminin ␣5 chain, including exencephaly and syndactyly (De Arcangelis et al., 1999) . It should be noted that the overall structure and villus morphogenesis of the intestine was conserved in these double ␣3 Ϫ/Ϫ /␣6 Ϫ/Ϫ mutant embryos (P.S.-A. and E. GeorgesLabouesse, unpublished data), as it is in the laminin ␣5 Ϫ/Ϫ mutants. Additionally, we show that the level of the Lutheran transmembrane receptor, known to interact with the laminin ␣5 chain (Kikkawa et al., 2002) , was strikingly decreased in the smooth muscle cells in the E16 mutant ␣5 Ϫ/Ϫ intestines, as well as in the grafted implants (not illustrated). This is in agreement with data from Moulson et al. (2001) who showed a dramatic reduction (lung, pharynx, kidney, skin) in the basal concentration of Lutheran in mice lacking laminin ␣5 and a significant increase in the heart of transgenic mice overexpressing laminin ␣5. The varying capacity of laminin ␣5 chain to bind to precise receptorsintegrin or Lutheran-between the epithelium and the muscle tissue is of potent interest.
Intestinal muscle defects
Gut development is known to be controlled by signalling factors such as Sonic hedgehog that mediate cellular interactions, and transcription factors that directly control gene activity. Of interest here is the intestinal phenotype of the Shh homozygous mutant mice, which display multiple abnormalities, including a reduction in the thickness of the circular smooth muscle layer that may result from an overt malrotation of the gut (Ramalho-Santos et al., 2000) . In contrast to our data, the hedgehog mutants present excessive and abnormally located neurons, thus resembling Hirschsprung's disease. These data indicate that Shh and the laminin ␣5 chain, although both are involved in the smooth muscle patterning, are acting through different targets or transcription factors. In view of our present finding of excessive folding in the laminin ␣5 null intestines, the phenotype of the MTG8 knock-out mice is noteworthy (Calabi et al., 2001) . MTG8, a member of a small gene family encoding transcriptional regulators (Miyoshi et al., 1993; Wolford and Prochazka, 1998) , has been shown to be expressed at E14.5 in the outermost gut layers (Calabi et al., 2001 ). In the E15.5 mutants, it was noted that the complexity of the midgut loops was reduced, a situation opposite to that observed here. The phenotype linked to the null mutation in the Drosophila ␣3,5/lam A chain, the precursor of the vertebrate ␣3 and ␣5 chains, is also worth noting. This mutation is embryonic lethal and results in alterations in mesoderm-derived tissue (Yarnitzky and Volk, 1995) . Alteration in the organisation of enteric smooth musculature was also observed in the dy/dy mouse, which expresses abnormally low levels of the laminin ␣2 chain (Relan et al., 1999) .
Absence of compensatory mechanisms in the embryonic intestinal muscle
In contrast to the situation concerning the subepithelial basement membrane, the absence of laminin ␣5 in the embryonic mesenchyme does not lead to compensation, as no significant changes in the laminin ␣ chains were observed. This would explain why developmental defects in the smooth muscle layers were observed in the E14 and E16 mutant intestines. This was surprising, as the basement membrane composition of the muscle tissue is more complex and variable compared with that of the epithelium. Interestingly, at later stages, in the grafted intestines, laminin ␣4 was found to be significantly increased in the muscle when ␣5 was absent. This compensation is apparently efficient since well structured and differentiated muscle layers were formed in the grafts. It is known that implanted intestines are vascularised by blood vessels originating from the host, allowing the growth of the implants (Simon-Assmann et al., 1989) . Therefore, one can postulate that regulatory factors (growth factors and/or chemokines) originating from the adult host vasculature are crucial for synthesis of lami-nin ␣4. A similar situation was observed in the case of the glomerular basement membrane where endothelial cells and/or factors present in the circulation mediate laminin isoform transition (St. John et al., 2001) .
Chains associated to laminin ␣5
Another interesting finding that concerns both the subepithelial and the smooth muscle basement membranes is the fact that expression of the laminin ␤2 and ␥2 chains was decreased in laminin ␣5 null intestines. Interestingly, the ␥2 chain has not been detected in combination with the laminin ␣3 or ␤3 chain in the mouse intestine , which together form the well-described laminin-5 isoform. Therefore, our data strongly suggest that the intestinal basement membranes also contain a novel isoform, consisting of ␣5␤2␥2 chains, that has also been described to occur in bone marrow stromal cells (Siler et al., 2002) . Two further laminin isoforms have been described which contain both ␣5 and ␤2 chains, laminin-11 (␣5␤2␥1) and laminin-15 (␣5␤2␥3). Dot blot analysis of laminin ␥3 revealed that its mRNA is widely expressed in human tissues, including intestine, although at low levels (Koch et al., 1999) , suggesting that both of these isoforms may be expressed in the murine intestine. Our study points to the fact that expression of laminin isoforms in the intestinal smooth muscle is still more complex than previously reported (Glukhova et al., 1993) , due to the presence of numerous laminin chains, and awaits final characterisation.
